Abstract: A modified AC method based on micro-fabricated heater and resistive thermometers has been applied to measure the thermopower of microscale samples. A sinusoidal current with frequency ω is passed to the heater to generate an oscillatory temperature difference across the sample at a frequency 2ω, which simultaneously induces an AC thermoelectric voltage, also at the frequency 2ω. A key step of the method is to extract amplitude and phase of the oscillatory temperature difference by probing the AC temperature variation at each individual thermometer. The sign of the thermopower is determined by examining the phase difference between the oscillatory temperature difference and the AC thermoelectric voltage. The technique has been compared with the popular DC method by testing both n-type and p-type thin film 2 samples. Both methods yielded consistent results, which verified the reliability of the newly proposed AC method.
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I. INTRODUCTION
The thermopower, also known as Seebeck coefficient, serves not only as a performance indicator of thermoelectric materials, but also as a sensitive probe to reveal transport properties and electronic structures of semiconductors and metals around the Fermi levels. Measurement of thermopower typically involves generating a small temperature gradient across the sample, and recording the temperature difference as well as thermally induced thermoelectric voltage. During the measurement, it is crucial to reliably obtain the temperature difference. For bulk samples, the temperature measurements are routinely accomplished by making two pairs of thermocouples in close contact with the sample. [1] [2] [3] [4] [5] [6] [7] [8] [9] The thermopower measurements can then be carried out in steady-state (DC) [1, 3] , quasi-steady state [2, [5] [6] or AC configurations [7] [8] [9] . [4] As the size of the sample shrinks to microscale or nanoscale, two four-probe resistive thermometers are often micro-fabricated to sense the temperatures at two ends of the sample which is typically loaded on a substrate. In this case, the DC method is the most popular way to obtain the thermopower. [10] [11] [12] [13] [14] [15] [16] By sourcing a DC current to a micro-heater located in proximity to one end of the sample, a stable temperature difference ΔT DC is established along the sample and the corresponding thermoelectric voltage ΔU DC can be measured by a voltmeter. The thermopower S is extracted from the slope of a best-fit line of ΔU DC as a function of ΔT DC in order to remove possible voltage offsets arising from the measurement circuit. This DC method is somehow time-consuming since multiple pairs of ΔU DC ~ ΔT DC data need to be recorded. The problem may become more serious if the thermopower is scanned as a function of external fields (e.g. gate voltage [10] ).
Alternatively, an AC measurement method based on the same configuration of one heater and two four-probe thermometers has been proposed in the literature. [17] [18] [19] In this method, an AC current of frequency ω is supplied into the heater to create an oscillatory temperature difference along the sample at a frequency 2ω. The resulted
is detected by a lock-in amplifier. In Ref. 18 , the thermopower S AC was given in the form of ( ) ( ) 
is supposed to be the amplitude of the temperature oscillation for the thermometer at the hot (cold) end. As mentioned later in Section II, the amplitude of the AC temperature difference actually depends not only on the amplitude but also on the phase of the temperature oscillation of each thermometer.
In this paper, we present a modified AC method to measure the thermopower of the microscale samples by explicitly retrieving the amplitude and phase of the 2ω temperature difference. To achieve this, 
II. EXPERIMENTAL METHODOLOGY
As illustrated in Fig. 1 , when a sinusoidal current with an angular frequency ω is driven through the heater, a periodic heating wave at the frequency 2ω will be generated via Joule heating and it will propagate towards the microscale sample through the substrate. The sample is assumed to be in good thermal contact with the substrate and with the two thermometers Th1 and Th2, of which Th1 is located closer to the heater.
To sense the temperature variation, two outer contact pads of Th1 or Th2 are used for sourcing current, and two inner contact pads for measuring resistive voltage drop.
FIG. 1 Layout of the device for measuring the thermopower of the microscale sample. 6 The instantaneous temperatures at the positions where the two thermometers are located can be expressed as (2) where subscripts 1 and 2 correspond to Th1 and Th2, respectively. 0 T is the initial temperature of the substrate before turning on the heater. T , respectively.
If we approximate the heat transfer along x-direction through the substrate surface as a one-dimensional (1D) process, the AC component of the temperature variation at position x (the heater is assumed to be located at x = 0) can be given as [20] [21] 
where j 0 is heat flux amplitude. k and α are the thermal conductivity and the thermal diffusivity of the substrate, respectively. Eq. (3) suggests that the thermal wave propagates away from the heater with a decaying amplitude and a phase shift, which further implies that 
III. EXPERIMENTAL DETAILS
The experimental setup for carrying out the measurement is schematically shown in Fig. 3 . It consists of a SR850 lock-in amplifier, a
Keithley 6221 AC/DC current source, a Keithley 2400 source meter and a matrix switching card. The data acquisition is made by a PC computer installed with a Labview software. The Keithley 6221 current source is used for feeding the AC current into the heater.
The major steps of the measurement include obtaining the 2ω temperature fluctuations at the two thermometers, i.e., The device was then attached to a copper sample carrier with a thermally conducting grease (Apiezon H). The sample carrier was subsequently mounted on a home-made vacuum chamber for the thermopower measurements as well as the thermometer calibrations. Figure 4 displays an optical microscopy photograph of a typical device used for measuring the thermopower of the thin film sample.
IV. RESULTS
To calibrate the two thermometers (Th1 and Th2) of the device, their resistances were recorded as a function of the substrate temperature measured by the attached T-type thermocouple. T , the resulted thermopowers will be overestimated by more than 20% in both cases. 
